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ABSTRACT
Linker histones are involved in chromatin higher-
order structure and gene regulation. We have suc-
cessfully achieved partial phosphorylation of linker
histones in chicken erythrocyte soluble chromatin
with CDK2, as indicated by HPCE, MALDI-TOF and
Tandem MS. We have studied the effects of linker his-
tone partial phosphorylation on secondary structure
and chromatin condensation. Infrared spectroscopy
analysis showed a gradual increase of -structure in
the phosphorylated samples, concomitant to a de-
crease in -helix/turns, with increasing linker his-
tone phosphorylation. This conformational change
could act as the first step in the phosphorylation-
induced effects on chromatin condensation. A de-
crease of the sedimentation rate through sucrose
gradients of the phosphorylated samples was ob-
served, indicating a global relaxation of the 30-nm
fiber following linker histone phosphorylation. Anal-
ysis of specific genes, combining nuclease diges-
tion and qPCR, showed that phosphorylated samples
were more accessible than unphosphorylated sam-
ples, suggesting local chromatin relaxation. Chro-
matin aggregation was induced by MgCl2 and ana-
lyzed by dynamic light scattering (DLS). Phospho-
rylated chromatin had lower percentages in volume
of aggregated molecules and the aggregates had
smaller hydrodynamic diameter than unphosphory-
lated chromatin, indicating that linker histone phos-
phorylation impaired chromatin aggregation. These
findings provide new insights into the effects of
linker histone phosphorylation in chromatin conden-
sation.
INTRODUCTION
H1 histones, also known as linker histones, are involved
in chromatin higher-order structure and in gene regulation
(1). They bind to the outer surface of the nucleosome near
the entry/exit point of the linker DNA (2). H1 has multi-
ple isoforms. Somatic mammalian cells contain seven H1
subtypes, designated as H1.1-H1.5, H1.0 and H1.10. An
oocyte-specific subtype, H1.8, and three male germ-line-
specific subtypes, H1.6, H1.7 andH1.9, have also been iden-
tified (3).
The H1 histone complement in chicken erythrocytes is
composed of six different subtypes, named H1.01, H1.02,
H1.03, H1.10, H1.1L and H1.1R (4). In addition to the
H1 subtypes, chicken erythrocytes contain histone H5, a
differentiation-specific isoform (5). H5 partially replaces hi-
stoneH1 inmature erythrocytes, and it is themost abundant
subtype in these terminally differentiated cells (6). In im-
mature cells, H5 is phosphorylated, but it becomes progres-
sively dephosphorylated during erythrocyte maturation (7).
H5 shows a strong preference for higher-order chromatin
structures (8) and binds more tightly to DNA or chromatin
than do the H1 subtypes (9,10).
Linker histones have three distinct domains: a short
amino-terminal domain (NTD) (20–35 amino acids), a cen-
tral globular domain (GD) (∼80 amino acids) and a long
carboxy-terminal domain (CTD) (∼100 amino acids) (11).
The globular domain is extremely conserved, while the ter-
minal domains are highly variable and responsible for fam-
ily heterogeneity (12). The terminal domains are intrinsi-
cally disordered regions that fold upon DNA interaction
(13,14). The CTD is involved in chromatin condensation
through the binding and neutralization of the charge of the
linker DNA (15).
Histone H1 is phosphorylated in a cell-cycle-dependent
manner by cyclin-dependent kinases (CDKs) at the consen-
sus sequence (S/T)-P-X-(K/R). The levels of phosphory-
lation are lowest in G1 and rise during S and G2, becom-
ing maximal at metaphase and sharply decreasing there-
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after (16,17). During interphase, H1 subtypes are present
as a mixture of unphosphorylated and low-phosphorylated
species, with a proportion of 35–75% of unphosphorylated
forms, according to the particular subtype and cell-line and
the moment of the cell cycle. H1 is phosphorylated at ser-
ine residues in interphase, while threonine residues are ad-
ditionally phosphorylated in mitosis (18).
We have previously shown that phosphorylation of the
CTD by CDKs greatly affects its DNA-bound structure
and DNA aggregation capacity (19). The effects of phos-
phorylation on the secondary structure of the DNA-bound
CTD were site-specific and depended on the number of
phosphate groups. Partial phosphorylation drastically re-
duced the DNA aggregation capacity of the CTD, but full
phosphorylation restored, to a large extent, the aggrega-
tion capacity of the unphosphorylated domain. These re-
sults support the involvement of H1 hyperphosphorylation
in metaphase chromatin condensation and of H1 partial
phosphorylation in interphase chromatin relaxation. How-
ever, chromatin is a much more complex substrate than
DNA, since the majority of the DNA is wrapped around
the nucleosome and not free to interact with histone H1,
experiments with chromatin are thus necessary to vali-
date this hypothesis. Previous studies of chromatin reconsti-
tuted with unphosphorylated and phosphorylated H1 have
shown changes in the thermal denaturation profiles in the
presence of phosphorylated H1 (20).
Increasing evidence suggests that histone H1 phosphory-
lation is involved in chromatin relaxation during the cell-
cycle (21–27). H1 phosphorylation during the S-phase has
been suggested to be a pre-requisite for DNA replication
(22). S172 phosphorylation of H1.5 and H1.2 colocalized
at DNA replication and transcription sites (23). H1.4 phos-
phorylated at S187 is enriched at active 45S pre-ribosomal
gene promoters and is rapidly induced at hormone response
elements, suggesting that interphase H1 phosphorylation
facilitates transcription by RNA polymerases I and II (24).
In rat and mouse testes, H1.6 phosphorylation favors the
substitution of H1.6 by transition proteins and protamines
(25). It has also been shown that partially phosphorylated
H5 has reduced affinity for chromatin (26).
The addition of increasing amounts of MgCl2 (0.1–15
mM) to chromatin arrays induces a well-characterized se-
ries of hierarchical condensation transitions (28). Chro-
matin arrays initially fold into a moderately condensed
intermediate conformation followed by further condensa-
tion into a maximally folded structure whose level of com-
paction is equivalent to the classic 30-nm diameter fiber.
The final condensation transition involves reversible and
cooperative oligomerization into a higher-order polymeric
species. This phenomenon is also known as chromatin self-
association or chromatin aggregation. Partial phosphoryla-
tion of linker histones could have an important role in the
MgCl2-induced condensation transitions. The elucidation
of this role could be of great biological significance, since
the regulation of chromatin structure is a key aspect of the
control of transcription and other nuclear processes.
We have studied the effects of linker histone partial phos-
phorylation on secondary structure and chromatin conden-
sation. For that purpose linker histone ex vivo phosphoryla-
tion with CDK2 in native chromatin, from chicken erythro-
cytes, was performed. This mixed sequence in vivo-based
system has the advantage of low levels of both basal en-
dogenous phosphorylation and of non-histone proteins. In-
frared spectroscopy analysis of the phosphorylated chro-
matin samples showed changes in the amide I′, suggest-
ing the induction of -structure in linker histones upon
CDK2 phosphorylation. Thus, the conformational change
in linker histones following phosphorylation would be the
first step in the molecular mechanism that determines the
changes in chromatin condensation. The results of sedimen-
tation through sucrose gradients and of a quantitative nu-
clease accessibility assay are consistent with the idea that
linker histone partial phosphorylation induces chromatin
relaxation. Additionally, dynamic light scattering (DLS)
measurements showed that linker histone phosphorylation
impairs chromatin aggregation induced by MgCl2.
MATERIALS AND METHODS
Preparation of chromatin samples
Short and large chromatin fragments were prepared by mi-
crococcal nuclease digestion of chicken erythrocyte cell nu-
clei and human embryonic kidney cell nuclei as previously
described (29). For details see the SupplementaryMaterials
and Methods.
Ex vivo chromatin phosphorylation
Phosphorylation of linker histones in chicken erythrocyte
chromatin was carried out at an equivalent DNA concen-
tration of 2 mg/ml in 50-mM TrisHCl, 10-mM MgCl2,
1-mM ethylene glycol tetraacetic acid (EGTA), 20-mM
dithiotreitol, pH 7.5, plus 200-M adenosine triphosphate
(ATP) and 1 l of a cocktail of protease inhibitors (cOm-
plete Mini Protease Inhibitor Cocktail Tablets; Roche Ap-
plied Biosciences) per 100 l of reaction. At this point, the
mixture was divided into 2. One sample was incubated at
30◦C with 1 l of CDK2-cyclinA kinase (Sigma-Aldrich)
per 20 g of H1, while the other was incubated in the same
conditions without kinase. Aliquots were taken after 1 h, 5
h and overnight incubation (on) for further analysis. A ra-
dioactive CDK2 phosphorylation assay was also performed
(See the Supplementary Materials and Methods and Sup-
plementary Figure S1).
Analysis of linker histone phosphorylation
Linker histones were extracted from the phosphorylated
and the initial unphosphorylated chromatin samples, as
previously described (30). The incorporation of phos-
phate groups after ex vivo phosphorylation was analyzed
by high-performance capillary electrophoresis (HPCE),
Matrix Assisted Laser Desorption Ionization Time-of-
Flight (MALDI-TOF) mass spectrometry and Tandem
Mass Spectrometry (MS/MS) sequencing. Before mass
spectrometry analysis the linker histones were fractionated
by Reversed-Phase High-Performance Liquid Chromatog-
raphy (RP-HPLC) and digested with proteolytic enzymes.
The detailed protocols are described in the Supplementary
Materials and Methods.
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Infrared spectroscopy
Chromatin samples were prepared as described in the Sup-
plementary Materials and Methods. Measurements were
performed on an FT600 Bio-Rad spectrometer equipped
with an Mercury Cadmium Telluride (MCT) detector, us-
ing a demountable liquid cell with calcium fluoride win-
dows and 50-m spacers. Typically, 1000 scans for each
background and sample were collected. Spectra were ob-
tained with a nominal resolution of 2 cm−1, at 22◦C. The
resultant spectra were analyzed with GRAMS 9.0 software
(Galactic Corporation). The solvent contribution was elim-
inated by subtraction of a reference buffer sample. Dif-
ference spectra between the phosphorylated and the cor-
responding unphosphorylated sample were obtained and
baseline corrected in the amide I′ region from 1600 cm−1
to 1700 cm−1 using a linear baseline. Band positions in the
difference spectra were confirmed by Fourier deconvolution
and assigned as previously described (31). Comparisonwith
the deconvoluted spectrum of water vapor indicates that the
protein spectra are free from water vapor artifacts (Sup-
plementary Figure S2A). The estimation of the numbers
of linker histone residues involved in the conformational
change was made taking into consideration the area per-
centages of the difference spectra, the linker histone: core
histone stoichiometry of the soluble chromatin and the total
number of residues of the core histones and linker histones
contributing to the amide I′ band.
Sedimentation in sucrose density gradients
Linear sucrose gradients 5–25% in 10-mM Tris pH 8.0,
35-mM NaCl, 1-mM MgCl2 were prepared with a gradi-
ent maker (BioRad). To prevent protease activity 1-mM
phenylmethylsulfonyl fluoride (PMSF) was added to all so-
lutions. Analytical gradients of phosphorylated and un-
phosphorylated chromatin samples containing 100–200 g
of DNAwere run in a Beckman 55.1 Ti rotor at 40 000 rpm
for 1 h at 4◦C. After centrifugation and fractionation, hi-
stones were digested with proteinase K followed by DNA
precipitation. The size of the DNA in the different chro-
matin fractions was estimated by agarose gel electrophore-
sis with the software Quantity One (BioRad).
Nuclease accessibility assay
Phosphorylated and unphosphorylated chromatin samples
were digestedwithmicrococcal nuclease (1U/200-gDNA)
in the presence of 1.6-mM of divalent cations for 10 min.
After digestion, samples were deproteinized overnight with
proteinase K at 37◦C, and the DNA was purified using
a spin column. DNA corresponding to the initial, undi-
gested soluble chromatin was also purified to control the
availability of genomic DNA before phosphorylation. Pu-
rified DNA was used as a template for the amplification of
-globin and rhodopsin genes by Quantitative Polymerase
Chain Reaction (qPCR), following MIQE guidelines, in a
C1000TM thermal cycler (BioRad). For details see the Sup-
plementaryMaterials andMethods and Supplementary Ta-
ble S1.
Dynamic light scattering
DLS was used to study chromatin aggregation induced
by MgCl2 in phosphorylated and unphosphorylated chro-
matin samples. Measurements were carried out in a Ze-
taSizer Nano ZS particle analyzer (Malvern Instruments,
UK). The light source was a He-Ne laser (633 nm) that uses
5-mW power at the same wavelength. For each measure-
ment, three records were performed. Each record consisted
of 14–18 cumulant scans (this parameter is determined au-
tomatically to achieve the optimal signal). Samples of sol-
uble and phosphorylated chromatin were diluted with Tris
10-mM pH 7.0, plus 35-mM NaCl, 1-mM MgCl2, to a fi-
nal concentration of 0.2mg/ml in 1 ml. An initial measure-
ment was made in these conditions. Then, the MgCl2 con-
centration was increased up to 1.6-mM, and the samples
were incubated for 5 min at at 22◦C and measured again.
For each time, phosphorylated and unphosphorylated chro-
matin samples were analyzed. The spectra were processed
with the high-resolution option of the software to achieve
maximal accuracy. Laser diffraction was used to determine
the presence of aggregates out of the size range of the DLS
(see the Supplementary Materials and Methods).
RESULTS
Characterization of the ex vivo phosphorylated chromatin
We have shown that it is possible to ex vivo phosphory-
late linker histones in chicken erythrocyte chromatin with
CDK2. The specificity of the phosphorylation reaction
was evaluated with a radioactive CDK2-phosphorylation
reaction in the presence of  -ATP-32P (Supplementary
Figure S1). The results of the sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of
chromatin total proteins showed that 32P was incorporated
into the bands corresponding to linker histones, but not in
core histones, indicating that CDK2 specifically phospho-
rylated linker histones within soluble chromatin. Also, the
extent of phosphorylation increased with the time of reac-
tion. A weak band of phosphorylated H3 appeared in all
lanes, even when CDK2 was not present, probably due to
some residual endogenous kinase activity. SDS-PAGE also
confirmed that soluble chromatin contained very low lev-
els of non-histone proteins that were not apparent after
Coomassie-Blue staining.
After phosphorylation, linker histones were extracted
with perchloric acid and analyzed by HPCE. HPCE allows
for the separation of distinct histone subtypes and their
post-translational modifications with high sensitivity (32).
Two different regions were identified in the HPCE profiles
(Figure 1). The first region (I) contained histone H5, its nat-
ural variant H5R16Q and their post-translationally modi-
fied species (33). In the initial chromatin sample, the inten-
sities of secondary peaks in the profile indicate that the level
of basal phosphorylation of chicken erythrocyte chromatin
was low. The number and height of the secondary peaks in-
creased considerably in function of the time of phospho-
rylation, indicating a significant extent of phosphorylation
of H5. The second region (II) of the HPCE profile cor-
responded to the H1 subtypes. In the soluble chromatin
sample the six H1 subtypes present in chicken erythrocytes
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Figure 1. HPCE analysis of the linker histone phosphorylation. HPCE profiles of linker histones extracted from erythrocyte chromatin before phosphory-
lation (initial ch.) and phosphorylated at 30◦C for 1 h, 5 h or overnight (on). Region I corresponds to H5 and its modified species and region II corresponds
to H1 subtypes.
could be easily identified. Significant changes in the HPCE
profile due to phosphorylation could be seen after 5 h,
while after overnight phosphorylation the duplication of
the peaks was apparent, suggesting a considerable extent of
phosphorylation of H1 subtypes.
After acid extraction, histones H5 and H1 were fur-
ther separated by RP-HPLC. Partial digestion with -
chymotrypsin of H5 and of the H1 subtypes resulted in two
peptides, peptide 1, which comprised the NTD and most
of the GD, and peptide 2, which corresponded mainly to
the CTD. The resulting peptides were analyzed byMALDI-
TOF in order to determine the incorporation of phosphate
groups.
In theMALDI-TOF-MS spectra of theH5 samples (Sup-
plementary Figure S3) only one phosphorylated species
(peak 4) was detected after overnight phosphorylation, sug-
gesting that this peptide was phosphorylated by CDK2. Al-
though no CDK consensus sequence is present in the NTD
ofH5, previous studies have reported that S7 is in vitro phos-
phorylated by CDK2 (21). Peptide 2 contains five CDK2
consensus sequences. In the native chromatin sample, a
small peak (peak 6) that corresponded to the monophos-
phorylated species of peptide 2 could be detected. This peak
represented∼12% of peptide 2 in the native chromatin sam-
ple, and it further increased up to ∼21, ∼26 and ∼38% af-
ter phosphorylation for 1 h, 5 h and overnight, respectively
(Supplementary Table S2). The diphosphorylated species of
peptide 2 (peak 7) could be detected after 5 h (12%) and
overnight phosphorylation (∼17%). In this sample, consid-
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ering the mono and diphosphorylated species, 54% of the
H5 molecules were phosphorylated.
The H1 fraction contained the six H1 subtypes, so the
proteolytic digestion resulted in 12 peptides, which are of-
ten post-translationally modified, increasing the number of
peptides in the mass spectra. Thus, the systematic identifi-
cation of all of the peptides in each sample was not pos-
sible. In the initial chromatin, all of the identified pep-
tides (Supplementary Table S3) were unphosphorylated,
except for some basal phosphorylation in peptide 2 of
H1.1R. After overnight phosphorylation, many phospho-
rylated species could be identified. One monophosphory-
lated species, which could correspond to the acetylated
peptide 1 of H1.03, the only H1 subtype that contains a
CDK consensus sequence on the NTD, was detected. Pep-
tide 2 contains three CDK consensus sequences. Mono-
or diphosphorylated species of peptide 2 were identified
for H1.01, H1.02, H1.1L and H1.1R. A triphosphorylated
species, which corresponded to peptide 2 of H1.02, was also
identified. These results suggest that H1 subtypes are exten-
sively phosphorylated.
The RP-HPLC-purified H5 and H1 fractions were also
enzymatically cleaved with Arg-C and trypsin, respec-
tively, and analyzed by tandemmass spectrometry (LC-ESI-
MS/MS), in order to determine if phosphate groups had
been incorporated into the CDK consensus sequences (Ta-
ble 1 and Supplementary Figure S4). Coverage values (Sup-
plementary Table S4) varied between 88 and 38%, with the
CTD being the region with less coverage. The limited se-
quence coverage of the CTD directly affected the identi-
fication of the CDK consensus sequences, since most of
them were located within this domain. However, CDKmo-
tifs in H5, H1.03, H1.1L and H1.1R were identified (Ta-
ble 1). In native chromatin, all peptides containing CDK
consensus sequences, except S155, were unphosphorylated.
These peptides became progressively phosphorylated and
after overnight phosphorylation their corresponding phos-
phorylated species could always be identified.
To study the effects of linker histone partial phospho-
rylation in secondary structure and chromatin condensa-
tion we have obtained and phosphorylated preparations
of short (10 nucleosomes on average) and long (40 nucle-
osomes on average) chromatin fragments (Supplementary
Figure S5). Chromatin fragments with different length on
average were used to analyze possible effects of the fragment
size on chromatin aggregation. The chromatin samples were
analyzed by transmission electron microscopy. The mor-
phology of the phosphorylated chromatin was quite sim-
ilar to that of the initial unphosphorylated chromatin. In
the conditions assayed containing 1-mMMgCl2, chromatin
appeared to be condensed into 30-nm fibers. This fact does
not exclude changes in the folding of the 30-nm fiber due to
linker histone phosphorylation.
The nucleosomal structure was apparently conserved,
as judged by further digestion with micrococcal nuclease
(MNase), which gave a characteristic nucleosome ladder
(Supplementary Figure S5). Furthermore, there were no
changes in the nucleosome repeat length (NRL) of the phos-
phorylated chromatin with respect to the initial chromatin
sample. These results confirmed that phosphorylated linker
histones were still dynamically bound to chromatin and,
therefore, the phosphorylated samples were suitable for fur-
ther studies.
Conformational changes of linker histones due to phosphory-
lation by CDK2
Histone H1 phosphorylation by CDK2 induced a con-
formational change in the CTD of the protein (19,34; A.
Roque, unpublished results). Infrared spectroscopy was
used to study changes in the secondary structure following
linker histone phosphorylation within chromatin. It is im-
portant to note that the changes detected by Fourier trans-
form infrared spectroscopy (FTIR) will be related to linker
histone phosphorylation, since linker histones are the only
substrates of CDK2 in erythrocyte chromatin (Supplemen-
tary Figure S1).
FTIR measurements of the chromatin samples were per-
formed and the spectra of the amide I′ region (1600–1700
cm−1) of each sample were analyzed. This region, mostly
composed of the stretching vibration of the polypeptide
backbone carbonyl, is an indicator of secondary structure
(31,35). With increasing phosphorylation time, a shift of
the maximum of the spectra to lower wavelengths, with re-
spect to the initial chromatin sample, was observed in the
phosphorylated samples. In the short chromatin fragments,
the maximum shifted from 1654 cm−1 to 1651 cm−1 (Fig-
ure 2A), while in the long chromatin fragments the shift was
from 1656 cm−1 to 1652 cm−1 (Supplementary Figure S6A).
The amide I′ band of the chicken erythrocyte chromatin
samples contains contributions of core histones, linker hi-
stones and DNA. To further analyze the changes due to
linker histone partial phosphorylation, a difference spec-
trum between each phosphorylated sample with the cor-
responding unphosphorylated sample was obtained (Fig-
ure 2B and Supplementary Figure S6B). The difference
spectra showed a positive contribution in the 1600–1640
cm−1 region with three distinct peaks at 1616–1618 cm−1,
1623–1625 cm−1 and 1632–1634 cm−1, all of them corre-
sponding to -structure (36). At the same time, a nega-
tive contribution was observed in the 1640–1680 cm−1 re-
gion, with a single and broad peak centered at 1657–1658
cm−1, a region that has been assigned to either -helix or
turns (36). The position of each component assigned to -
structure was confirmed by Fourier deconvolution of the
difference spectra (Supplementary Figure S2B and C). De-
convolution of the negative region of the difference spectra
(1640–1680 cm−1) resulted in three distinct components, the
most intense centered at 1655–1657 cm−1 corresponding to
-helix/turns. The other two components were centered at
1666–1667 cm−1 and 1675–1678 cm−1, positions usually as-
signed to turns.
The area of the positive region from 1600 cm−1 to 1640
cm−1 and that of the negative region from 1640 cm−1 to
1680 cm−1 were similar and indicated the percentage of
the total amide I′ region that changes its secondary struc-
ture upon phosphorylation (Figure 2C and Supplementary
Figure S6C). The area values increased with time of phos-
phorylation from ∼2% after 1 h of phosphorylation up
to ∼6–7% in the overnight sample. These results indicated
that phosphorylation induced a conformational change in
linker histones characterized by an increase in-structure at
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residue Position Peptide sequence
Soluble
chromatin 1 h 5 h Overnight
H5 S148 143–150 KKSRApSPK
√ √ √








H1.03 S191 186–194 AVAVKpSPAK
√ √




The bold letters correspond to phosphorylated residues of the CDK consensus sequences.
√
: phosphorylated peptide detected; ac: acetylation; p: phos-
phorylation.
aThis peptide was found phosphorylated in very small proportion in the initial chromatin samples (see that the phosphorylated peptide was undetected
after 1 h or 5 h of phosphorylation), but became readily detected after overnight phosphorylation.
the expense of -helix/turns. Taking into consideration the
linker histone:core histone stoichiometry, the latter values
indicate that after overnight phosphorylation ∼70 residues
of each linker histone are involved in the conformational
change.
Linker histone partial phosphorylation promotes chromatin
relaxation
We have studied the sedimentation profile of unphospho-
rylated and phosphorylated chromatin using linear sucrose
gradients. This technique allows the separation of chro-
matin fragments by their differential sedimentation rate
which depends on the mass, density and shape (37). An ad-
ditional advantage of the use of the sucrose gradients is that
chromatin fractions are free of soluble components.
The results of the separation of the phosphorylated and
unphosphorylated chromatin through sucrose gradients in
35-mM NaCl and 1-mM MgCl2 are shown in Figure 3. In
these conditions the chromatin fragments are mostly folded
in the 30-nm fiber but not aggregated. Partial linker his-
tone phosphorylation decreased the sedimentation rate of
the chromatin fragments. Equivalent fractions of the same
density contained chromatin fragments of higher molecu-
lar weight when chromatin was phosphorylated overnight.
Differences of∼200 bp were detected in fraction 4 and they
became larger as the length of the chromatin fragments in-
creased, reaching ∼2500 bp in fraction 17.
A similar effect was observed with chromatin fragments
isolated from human embryonic kidney cells, which con-
tained ∼59% of partially phosphorylated H1 (Supplemen-
tary Figure S7). In this cellular type differences of more
than 500 bp were detected also in fraction 4. The differ-
ences increased with the length of the chromatin fragments,
reaching more than 4000 bp. Short DNA fragments were
found throughout the fractions, probably due to the high
concentration of the chromatin loaded on the gradient,
which could cause a drag effect on the small fragments by
the larger ones. These results showed that the changes de-
scribed above were not specific of chicken erythrocyte chro-
matin, but common to any CDK2-phosphorylated chro-
matin. Moreover, the shift in the sedimentation rate ob-
served upon phosphorylation was not a consequence of
the loss or degradation of the linker histone component
as shown in Figure 3D and Supplementary Figure S7F. In
summary, the sedimentation analysis results indicate that
linker histone partial phosphorylation induces global relax-
ation of the chromatin fiber.
Linker histone partial phosphorylation increases chromatin
accessibility to MNase
We have examined the chromatin accessibility in two spe-
cific genes in phosphorylated and unphosphorylated chro-
matin samples, combining micrococcal nuclease digestion
and qPCR. In this assay, a micrococcal nuclease digestion
was performed after the induction of chromatin aggregation
with 1.6-mM of divalent cations. After digestion, two spe-
cific gene fragments were quantified by qPCR. The extent of
digestion of each sample determined the quantity of DNA
suitable for PCR amplification and, thus, the Ct (threshold
cycle) value. Ct, taking the initial chromatin sample as a
reference, would be higher in the samples with a more ex-
tensive digestion and, therefore, more accessible to nucle-
ase. The fold decrements in template availability, calculated
as 2Ct, were used as a measure of chromatin accessibility.
Two amplicons were quantified; a fragment of the -globin
gene, which is potentially active in mature erythrocytes, and
a fragment of the rhodopsin gene, which is an epigenetically
silenced gene.
The results of the amplification of -globin and
rhodopsin genes in samples of short and long chromatin
fragments are summarized in Supplementary Table S5. The
Ct values for the phosphorylated chromatin were always
higher than were those of the corresponding unphospho-
rylated sample, indicating a greater accessibility to MNase.
This was true for short and long chromatin fragments. For
short chromatin fragments, the template DNA for the -
globin gene in the phosphorylated samples decreased ∼8-
fold, while it decreased less than 4-fold in the unphospho-
rylated samples. For the rhodopsin gene, the decrement in
the phosphorylated samples was∼12-fold, while, for the un-
phosphorylated samples, it was less than 6-fold (Figure 4).
For long chromatin fragments, theCt values were lower
than those in the short chromatin fragments due to the fact
that both chromatin samples were digested in the same con-
ditions (same amount of nuclease and equal time of di-
gestion) (Supplementary Table S5 and Figure 4). There-
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Figure 2. FTIR analysis of the phosphorylated short chromatin frag-
ments. (A) Spectra in the amide I′ region (1600–1700 cm−1) of the initial
chromatin and of the phosphorylated samples at different times (1h, 5h
and overnight, on). (B) Difference spectra between the unphosphorylated
chromatin and the phosphorylated samples. (C) Percentages of the total
amide I′ area of the difference spectra assigned to -structure (dark gray)
and to -helix/turns (light gray). Arrows in panels A and B indicate the
increase in the time of phosphorylation.
fore, in longer chromatin fragments the decrements in tem-
plate DNA were lower. Taken together, the results show
that partially phosphorylated chromatin samples displayed
higher chromatin accessibility than did the unphosphory-
lated samples.
Linker histone partial phosphorylation impairs chromatin ag-
gregation induced by MgCl2
DLS has been used to study the effects of partial H1/H5
phosphorylation on the Mg2+-dependent aggregation of
chicken erythrocyte chromatin fragments. A series of mea-
surements in buffers of different composition were per-
formed (Supplementary Figure S8A). Samples could not be
measured without salt (10-mM Tris buffer). This likely re-
flected the flexibility of decondensed chromatin fragments
in these conditions. Measurements were already feasible in
10-mM NaCl, where a single peak was observed, with a
hydrodynamic diameter of ∼88 nm. In 35-mM NaCl, the
hydrodynamic diameter fell to ∼82 nm. The same value
was observed at 50-mM NaCl. The decrease of the hydro-
dynamic diameter was likely determined by the combined
effects of some degree of intramolecular chromatin com-
paction in 35-mMNaCl and to the suppression of the dou-
ble layer of ions around the particle (Debye length) upon
increased conductivity.
Measurements were thus performed in 35-mMNaCl plus
a specified concentration of Mg2+ ions. The addition of 1-
mM MgCl2 led to extensive intramolecular compaction of
the chromatin fiber, as indicated by a drastic decrease of the
hydrodynamic diameter down to ∼50 nm (Supplementary
Figure S8B). A further increase up to 1.6-mM of the con-
centration ofMgCl2 led to the appearance of a second peak
of aggregated chromatin fragments (≥200 nm) with a much
higher hydrodynamic diameter. At 1.6-mMMgCl2, the first
peak remained approximately at the same position as in 1-
mM MgCl2, indicating that in 1-mM MgCl2 intramolecu-
lar fiber compaction, inside the sensitivity of DLSmeasure-
ments, was already maximal (Supplementary Figure S8C).
In order to observe the effects of phosphorylation on
chromatin aggregation, samples were incubated in the pres-
ence of CDK2 for 1 h, 5 h and overnight at 30◦C. Incu-
bation at 30◦C induced, by itself, the aggregation of part
of the sample in a time-dependent manner when chromatin
was in the presence of 1.6-mMMgCl2 (Supplementary Fig-
ure S8C). However, no significant aggregation was observed
in 1-mM MgCl2 upon incubation at 30◦C (Supplementary
Figure S8B). Chromatin aggregation was thus dependent at
the same time on the presence of a critical concentration of
Mg2+ ions and the temperature and time of incubation. The
effects of phosphorylation on chromatin aggregation were,
therefore, evaluated in comparison with the degree of aggre-
gation of samples incubated during the same time periods
at 30◦C, but without kinase (Figures 5 and 6 and Supple-
mentary Table S6).
Preparations of short and long chromatin fragments
were analyzed (Figures 5 and 6 and Supplementary Fig-
ure S8). Figure 4 shows the DLS scans of phosphorylated
and unphosphorylated short chromatin fragments in 1.6-
mM MgCl2. In these conditions, a bimodal distribution
was observed. The hydrodynamic diameter of the first peak
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Figure 3. Sedimentation through sucrose linear gradients of the chromatin samples. 1.5% agarose gel electrophoresis of the DNA extracted from the
gradient fractions corresponding to the unphosphorylated (A) and phosphorylated overnight (B) chromatin samples. The DNA present in the chromatin
samples was precipitated after treatment with proteinase K. M1: 100-bp DNA ladder (Invitrogen); M2: DNA molecular weight marker IV (Roche). (C)
Plot with the estimated sizes of the DNA in the phosphorylated (dark gray) and unphosphorylated (light gray) samples. (D) 15% SDS-PAGE of the proteins
present in the chromatin samples: lane 1, initial chromatin; lanes 2, 3, fractions 14 and 15 of the unphosphorylated chromatin gradient; lanes 4, 5, fractions
14 and 15 of the phosphorylated chromatin gradient. The proteins in the samples from the gradients were previously precipitated with TCA 20%.
was ∼50 nm, both in unphosphorylated and phosphory-
lated chromatin. The value was similar to that observed in
1-mM MgCl2 and corresponded to non-aggregated chro-
matin. The hydrodynamic diameter of the aggregation peak
increased with incubation time in unphosphorylated chro-
matin. Values of 200.1, 194.6 and 304.5 nm were observed
after 1 h, 5 h and overnight incubation at 30◦C. Phosphory-
lation decreased the size of the aggregation peaks, except for
the shorter time of phosphorylation (1 h). In the presence
of kinase, values of hydrodynamic diameter of 200.1, 171.9
and 235.9 nm were observed after 1 h, 5 h and overnight in-
cubation, respectively (Figure 5 and Supplementary Table
S6).
The intensity distribution was converted into a volume
distribution using theMie theory. Volume distribution gives
a more realistic view of the importance of the second peak
than does the intensity distribution. In our case, the trans-
formation was needed, since the effects of phosphorylation
were not only on the size of the aggregates but also on the
fraction of the sample volume (%) represented by the ag-
gregates. With short chromatin fragments, phosphorylation
reduced the volume fraction of aggregates by 2–7-fold, de-
pending on the time of incubation. The effect of phospho-
rylation was thus both on the size and the amount of the
aggregates. The volume size distribution shows that aggre-
gates are present in low concentrations, with values that var-
ied between 2.2 and 16.8% (Supplementary Table S6).
In long chromatin fragments, the hydrodynamic diameter
of the first peak of non-aggregated molecules was slightly
higher, 54 versus 50 nm, than that observed with shorter
chromatin fragments (Figure 6 and Supplementary Table
S6). Considering that in the presence of 1.6-mMMgCl2 the
chromatin fiber is fully condensed, with packing ratios of
six or higher, a larger difference was not expected. The hy-
drodynamic diameters of the aggregation peaks were, in-
stead, much larger than in shorter chromatin fragments.
The volume fraction of the aggregates varied between 9.4
and 35.6% in long chromatin fragments. It was thus much
larger than it was in short chromatin fragments. As with
short chromatin fragments, the volume fraction (%) repre-
sented by the aggregates decreased in the phosphorylated
samples in relation to the controls.
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Figure 4. Fold decrements of template DNA of the -globin and rhodopsin genes after MNase digestion of chromatin samples quantified by qPCR. Dark
gray, phosphorylated samples. Light gray, unphosphorylated samples. (A, C) Results for the -globin gene. (B, D) Results for the rhodopsin gene. Fold
decrements were calculated as 2Ct, using the Ct value of the initial undigested chromatin sample as reference for each gene. Error bars correspond to the
interval 2Ct±SD.
After 1 h of incubation without kinase, the second peak
had a hydrodynamic diameter of 482 nm, whereas in the
presence of kinase it had 255.9 nm. After 5 h of incuba-
tion, the corresponding values were 795.5 and 344 nm.After
overnight incubation a third peak was observed with hydro-
dynamic diameter values of 1375 and 721 nm for the un-
phosphorylated and phosphorylated samples, respectively
(Figures 5 and 6 and Supplementary Table S6). Long in-
cubation times thus favored the formation of larger ag-
gregates. Overall, phosphorylation of large chromatin frag-
ments decreased the hydrodynamic diameter of the aggre-
gates by about half. These results clearly indicate that partial
phosphorylation significantly decreases both the size and
the relative amount of the aggregates formed at 30◦C in the
presence of magnesium ions.
DISCUSSION
In interphase, partial histone H1 phosphorylation is sup-
posed to be involved in chromatin relaxation (21–27). We
have previously shown that H1 partial phosphorylation by
CDK2decreases theDNAaggregation capacity of theCTD
of histone H1 and also induces structural changes in the
protein (19). These results led to the question of the ef-
fects on secondary structure and chromatin condensation of
linker histone partial phosphorylation in a chromatin con-
text.
To address this question we phosphorylated chicken ery-
throcyte chromatin. The soluble chicken erythrocyte chro-
matin fraction is particularly useful, since it has a very
low content of non-histone proteins and low levels of basal
phosphorylation. The results indicate that linker histones
were partially phosphorylated. A progression of phospho-
rylation over time was observed. MALDI-TOF relative
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Figure 5. DLS analysis of short chromatin fragments. Panel (A) corresponds to DLS size distributions of short chromatin fragments in 1.6-mM MgCl2.
The left panel corresponds to unphosphorylated chromatin and the right panel corresponds to phosphorylated chromatin. Chromatin samples were at 0.2
mg/ml in Tris 10-mM, NaCl 35-mM plus 1.6-mM MgCl2, and incubated at 30◦C for 1 h, 5 h or overnight (on). The DLS spectrum at the bottom of the
left panel corresponds to the initial chromatin sample in 1.6-mM MgCl2. For each peak the hydrodynamic diameter (d), percentage of intensity (I) and
percentage of the volume fraction (V) are shown. (B) Plot of hydrodynamic diameter values of the more aggregated peak in the DLS scan of each sample.
Light gray, unphosphorylated chromatin. Dark gray, phosphorylated chromatin. Error bars correspond to the standard deviation.
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Figure 6. DLS analysis of large chromatin fragments. Panel (A) corresponds to DLS size distributions of large chromatin fragments in 1.6-mM MgCl2.
The left panel corresponds to unphosphorylated chromatin and the right panel corresponds to phosphorylated chromatin. Chromatin samples were at 0.2
mg/ml in Tris 10-mM, NaCl 35-mM plus 1.6-mM MgCl2, and incubated at 30◦C for 1 h, 5 h or overnight (on). The DLS spectrum at the bottom of the
left panel corresponds to the initial chromatin sample in 1.6-mM MgCl2. For each peak the hydrodynamic diameter (d), percentage of intensity (I) and
percentage of the volume fraction (V) are shown. (B) Plot of hydrodynamic diameter values of the more aggregated peak in the DLS scan of each sample.
Light gray, unphosphorylated chromatin. Dark gray, phosphorylated chromatin. Error bars correspond to the standard deviation.
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quantification showed that after overnight phosphorylation
54% of H5 CTDwas phosphorylated. This value is particu-
larly relevant, since H5 represents 70% of the linker histone
complement of chicken erythrocytes and can be used as a
reference of the extent of phosphorylation.
The structural effects of linker histone phosphorylation
in chromatin were studied by FTIR. The results showed a
shift in the maximum of the spectra of the amide I′ (1600–
1700 cm−1) to lower wavelengths with increasing phospho-
rylation time. Further analysis of the difference spectra be-
tween the phosphorylated and unphosphorylated samples
revealed that the secondary structure change consisted in
an increase in the -structure content at the expense of -
helix/turns. There was also an increase in the percentages
of the amide I′ involved in the secondary structure changes,
concomitant to the increase in linker histone phosphory-
lation, suggesting the direct relationship between the two
events.
FTIR analyses are in agreement with studies performed
with whole H1.0, H1.2 andH1.4 (A.Roque, unpublished re-
sults) where partial phosphorylation of the CTD was capa-
ble of inducing a significant increase in the -structure con-
tent of the whole protein when bound to DNA, presumably
as a result of the folding of the CTD. The FTIR results in-
dicate that the changes in the secondary structure following
CDK2 phosphorylation also take place within chromatin,
highlighting their biological importance (19,34).
A direct consequence of the induction of -structure
could be a less efficient neutralization of the linker DNA,
which would increase the exchange rate of linker histones
and, thus, favor local chromatin relaxation (36). Several
studies indicate that partial linker histone phosphorylation
is necessary for replication, transcription and other cellu-
lar processes (22–25). Traditionally, the effects of phospho-
rylation have been explained by a decrease of the positive
net charge associated with the incorporation of the phos-
phate groups (20). However, a more significant contribu-
tion to the decrease of the CTD electrostatic potential could
arise from the folding in -sheet conformation, since 70%
of the Lys residues of the CTD are in doublets that would
project in opposite directions in the sheet-like structure (38).
This arrangement would decrease the level of charge neu-
tralization. It has also been shown that the C-terminal do-
main is the primary determinant of linker histone bind-
ing to chromatin in vivo and is involved in the secondary
and tertiary folding of nucleosomal arrays (39–41), there-
fore phosphorylation-induced changes within this domain
could have great effects on chromatin condensation. Model
calculations support the role of the CTD in salt-dependent
chromatin condensation and also suggest that phosphory-
lation should enhance more open chromatin structures and
nucleosome accessibility, thus favoring transcription (42).
Global and local changes in chromatin relaxation upon
linker histone phosphorylation were also examined. Sed-
imentation through linear sucrose gradients have been
widely used to analyze structural changes in chromatin (43–
46). Our results showed global changes in chromatin com-
pactness following phosphorylation characterized by an in-
crease in the molecular weight of the fragments of the phos-
phorylated samples in equivalent fractions with respect to
the unphosphorylated samples, indicating a global relax-
ation of the chromatin fibers. These effects increased with
the length of the chromatin fragment and it is not a conse-
quence of a loss or degradation of the linker histone com-
ponent.
The analysis of chromatin samples from human embry-
onic kidney cells showed even greater changes in the sed-
imentation rate upon phosphorylation, probably because
the percentage of partially phosphorylated linker histones
was slightly higher than in chicken erythrocyte chromatin.
These results indicate that the effects of linker histone phos-
phorylation are not restricted to chicken erythrocyte chro-
matin and emphasize their physiological relevance.
Chromatin accessibility to MNase was quantified by
qPCR, which allowed to measure local changes in chro-
matin relaxation. Chicken erythrocyte chromatin is highly
compact and almost transcriptionally inactive. To ascertain
that linker histone phosphorylation has the same effects on
potentially different chromatin regions, we selected the -
globin gene, one of the potentially active genes in mature
erythrocytes, and the rhodopsin gene, which is expressed
only in retina, and thus, epigenetically silenced (47).
Phosphorylated samples had higher Ct values than did
the unphosphorylated samples, which resulted in higher
fold decrements in template availability following MNase
digestion. The same trend was observed in short and large
chromatin fragments in both of the tested genes, confirm-
ing that phosphorylation has the same effects on genes with
a different genomic context. The fold decrements in tem-
plate availability indicate that chromatin in the phosphory-
lated samples was about twice more accessible to MNase
than it was in the unphosphorylated samples, suggesting
local chromatin relaxation. Taken together, the results of
the sedimentation analysis and of the chromatin accessibil-
ity assay indicate that linker histone phosphorylation favors
chromatin relaxation (20,27,48,49).
The role of linker histones is to stabilize the formation
of the 30-nm fiber, as well as the formation of higher or-
der polymeric structures (50,51). The addition of increas-
ing amounts of MgCl2 induces chromatin compaction into
the 30-nm fiber, followed by cooperative oligomerization
(28). DLS results showed that the addition of 1-mMMgCl2
caused a decrease in the chromatin hydrodynamic diam-
eter in both phosphorylated and unphosphorylated sam-
ples, suggesting chromatin condensation in the 30-nm fiber.
These results were confirmed by electron microscopy.
At 1.6-mMMgCl2, the peak of condensed chromatin co-
existed with a peak of aggregated chromatin, which was still
within DLS range. The results showed that phosphorylated
samples had aggregates with lower hydrodynamic diame-
ters. Also, the volume fraction corresponding to the aggre-
gated molecules in the phosphorylated samples was lower.
These results indicate that the extent of chromatin aggrega-
tion was lower when linker histones were partially phospho-
rylated and corroborate, in a biological context, the conclu-
sions of previous studies with naked DNA (19).
Our results show that linker histone partial phosphory-
lation impaired chromatin aggregation and, thus, the for-
mation of higher-order polymeric structures. This finding
could be of great biological significance, since the regula-
tion of chromatin tertiary structures through linker histone
phosphorylation could contribute to regulate gene expres-
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Figure 7. Schematic representation of the effects of linker histone partial phosphorylation.
sion. It has been proposed that phosphorylation of histone
H1 could act as a first-step mechanism for inducing chro-
matin remodeling, enabling access of factors for gene acti-
vation, DNA replication and repair (23).
Linker histones bind dynamically to chromatin. The ex-
change rate could be determined by the H1 affinity for
DNA and, therefore, modulated by phosphorylation. Par-
tial phosphorylationmoderately decreases the affinity ofH1
and its CTD for DNA (19, unpublished results). Phospho-
rylated linker histones can still bind to chromatin, though
with lower affinity than the unphosphorylated species. This
fact would explain the increased mobility of the phospho-
rylated species (48,49), their displacement by other nuclear
proteins (1,52) and their general role in promoting chro-
matin relaxation (20,26). Under our conditions we had no
significant amounts of non-histone proteins and the major-
ity of the partially phosphorylated linker histones, which
represented about one half of the total linker histones,
remained bound to chromatin, as shown by the 30-nm
chromatin fibers observed by Transmission Electron Mi-
croscopy (TEM) and DLS, the constant length of the NRL
and the proportion of linker histones present in the individ-
ual fractions after the sucrose gradients.
The effects linker histone partial phosphorylation on sec-
ondary structure and chromatin condensation are summa-
rized in Figure 7. We provide evidence, for the first time,
at chromatin level, that the effects of partial phosphoryla-
tion are determined by the induction of -structure in the
CTD of linker histones, and are not a simple effect of the
net charge. We have shown that linker histone partial phos-
phorylation induced chromatin relaxation, which would en-
able access of nuclear factors or complexes to certain genes.
Linker histone partial phosphorylation also impaired chro-
matin aggregation and thus the formation of higher-order
chromatin structures. Therefore, partial phosphorylation of
linker histones could have an important role in gene expres-
sion.
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